DNA transfer between related bacterial species is enhanced by species-specific uptake sequences. These sequences have been used to identify genes that have been transferred from Haemophilus to Neisseria, providing a clear example of interspecific transfer of DNA in the evolution of the pathogenic Neisseria.
As cells divide they accumulate mutations that are passed on to their progeny. In this way, a bacterial population can be considered to be composed of clones derived from ancestral cells. In the absence of horizontal transfer, it is possible to trace the clonal development of bacterial populations over time from their accumulated mutations. The contribution of horizontal transfer to genome evolution is evidenced by the fact that, in some species, it occurs sufficiently frequently to obscure these clonal population structures. The origin of individual alleles is then difficult to trace ( Figure 2 ) [2] .
One particularly relevant mechanism of DNA transfer, although not necessarily the one involved in the gene transfer identified by Kroll et al. [1] , is natural transformation. In this context, transformation is the process by which a bacterium takes up DNA from its environment and integrates it into its own genetic information. This process was recognised early in the study of bacterial genetics; indeed, the transformation of an acapsulate pneumococcus strain to an encapsulated phenotype using purified DNA from an encapsulated strain was the first evidence that DNA was the repository of genetic information [3] .
Natural transformation in bacteria most often occurs within populations of cells that are members of the same or closely related species. Transformation provides a mechanism of diversification by generating mosaic genes, through homologous recombination between similar existing alleles. It may also be involved in the repair of genes whose function has been lost through mutation. Some species, including H. influenzae and N. meningitidis, take up and incorporate DNA much more readily than others -such as Escherichia coli -and are referred to as 'naturally transformable' bacteria. Transformation is thus a highly evolved process in some bacteria, and is not an accidental mechanism of diversification.
Naturally transformable bacterial species have developed systems that enhance the efficiency of transformation and increase the probability that the transforming DNA is derived from a similar genetic background. These targeting processes include signals of cell density, most evident in Gram-positive bacteria, and specific 'uptake signal sequences' that allow the recognition and uptake of related DNA and are a feature of Gram-negative species [4] . The various members of the Haemophilus species group, for example, are preferentially transformed by DNA bearing a sequence containing a nine base-pair core sequence AAGTGCGGT, of which there are 1465 copies in the genome of Haemophilus influenzae strain Rd. This uptake signal sequence influences the process of DNA uptake into the recipient cell [5] [6] [7] . The ten base-pair uptake signal sequence GCCGTCTGAA plays a similar role in Neisseria species [8, 9] .
In both cases, the uptake signal sequences often occur in inverted pairs and are typically located at the 3′ end of open reading frames, where they are believed to act as transcriptional terminators -a function that may account for their frequency and distribution in the chromosome. Related species therefore provide a pool of genes that is available to the other members of the species through uptake-signal-sequence-facilitated transformation. That this occurs between related species, as well as within a single species, was demonstrated in early studies which investigated the role of the Haemophilus uptake signal sequence in transfer from H. parainfluenzae to H. influenzae [2] .
There are some well documented examples of this process in the evolution of genes in Neisseria species. The evolution of the argF gene of N. meningitidis, for example, has included the incorporation of sequences from a species close to N. cinerea and also from an unidentified source [10] . The conversion of the penicillin-sensitive to a penicillinresistant form of penicillin binding protein 2 in Neisseria, through alterations of the penA gene, has involved the incorporation of sequences from N. flavescens and N. cinerea [11] . In addition to the generation of novel alleles of existing genes, there are also examples of the acquisition of new genes. In Neisseria species, there are examples of interspecies gene acquisition by N. meningitidis from N. gonorrhoeae [12] , despite the ecological separation which prevents frequent DNA exchange between these two species [13] .
The discovery of Haemophilus uptake signal sequences in association with three neisserial genes alerted Kroll et al. [1] to the fact that horizontal transfer had occurred between these genera. Two of these genes -mutY and a homologue of bioF -are present in both N. meningitidis and N. gonorrhoeae, and one -sodC -is present in N. meningitidis alone. The significance of these observations is that, whilst sequence similarity between the transferred genes in N. meningitidis and H. influenzae indicates a common origin for these genes by acquisition from a common source, the presence of the uptake signal sequences demonstrates that the transfer occurred from (or via) Haemophilus to Neisseria. This is an approach that can be used more widely to trace the passage of genes between species.
The superoxide dismutase gene encoded by sodC is thought to be involved in the virulence of N. meningitidis [14] , and the acquisition of this gene may have been involved in the evolution of virulence in this species. In this context, it is interesting to consider what factors might result in the emergence and maintenance of pathogenic clones and closely related species, ones clearly distinguishable from other members of the species or genera on phenotypic grounds, despite their frequent ecological proximity. One possibility is the gain of a novel gene through horizontal exchange from a distantly related organism. This gene would not be a substrate for homologous recombination, which would provide a barrier for transfer of the newly acquired gene within the species, but if it conferred a significant fitness gain the clone could sweep through the population. In this sense, it might be possible to draw an analogy with higher organisms, in which the species correlates with the capacity to have 'sexual' exchange of genetic information.
Kroll et al. [1] suggest that, in addition to being markers of gene transfer, the uptake signal sequences may be involved in the transformation between these species and predispose them to genetic exchange. However, transformation between species is not normally enhanced by the presence of a different uptake sequence from an unrelated species [15] . The presence of an uptake signal sequence from a related sequence does increase the efficiency of transformation (by approximately four orders of magnitude) in Neisseria, but its absence does not prevent transformation [16] . Whilst the uptake of homospecific DNA by Haemophilus cells is largely dependent upon the presence of the uptake signal sequence, this is neither inhibited nor out-competed by DNA that lacks the uptake signal sequence [5] . So, whilst an uptake signal sequence enhances transformation efficiency between related bacteria, transformation can occur, all be it at a much reduced frequency, by processes that are independent of the presence of an uptake signal sequence in these transformable species.
Transformation in vivo is not necessarily mediated by naked DNA. This is demonstrated by horizontal gene Dispatch R181
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Mechanisms by which DNA can be transferred between bacteria. transfer between species that do not have these uptake mechanisms, as for example in the case of the widely distributed type II restriction-modification systems (which are also present in Neisseria and Haemophilus species) [17] . Other possible mechanisms include transduction -unlikely in these examples because of the usual species specificity of bacterial viruses -and conjugation-mediated plasmid or transposon transfer. There is another possibility, one that may be closer to the process of natural transformation of these species in vivo: most Gram-negative species generate membrane vesicles that are not only capable of release from the donor cell surface, but can also absorb to new membrane surfaces and release their contents, and these potentially provide a route for gene transfer [18] .
Haemophilus species generate such vesicles, called transformasomes, on their surface during transformation. The vesicles contain and protect the transforming DNA, and shedding of these structures has been demonstrated in mutants [19] . Neisseria species produce large numbers of similar structures, called 'blebs', which contain both single-stranded and double-stranded DNA and have been demonstrated to be capable of transporting DNA between cells [20] . So although uptake signal sequences are present in Haemophilus and Neisseria species, there are alternative mechanisms that might have been responsible for the gene transfer described by Kroll et al. [1] .
Horizontal transfer is important in bacterial evolution. In an organism that is not naturally transformable, E. coli, 18% of the genes have been acquired by horizontal transfer -largely as a result of conjugation-mediated eventssince its separation from Salmonella approximately 100 million years ago [21] . The contribution of horizontal transfer in more readily transformable species may be even greater. In order to understand the role and nature of transformation in evolution, it is necessary to know the frequency and direction with which these events occur in nature, and the changes that occur in the assimilated genes in their new genetic and biochemical contexts. The study of these processes is difficult, however, because the origin and time of acquisition of individual genes, particularly those other than antibiotic resistance determinants, is usually not known.
The presence of one transferred gene (mutY) in both N. meningitidis and N. gonorrhoeae, and one (sodC) in N. meningitidis alone, suggests that the former gene was acquired before, and the latter after, the separation of the two species, which probably occurred after large-scale urbanization and hence within the last 10,000 years. In this time frame, the GC content of mutY has become entirely typical of N. meningitidis -55.8% in a genome with a general GC content of 51%. The sodC gene, in contrast, has a GC content of only 43.5%, closer to that of H. influenzae (38.2%); at the same time, the N. meningitidis and H. influenzae homologues have diverged 13% at the level of the amino-acid composition of the encoded protein. So in addition to providing further evidence for the more recent acquisition of sodC than mutY, these examples provide a rare insight into the rate and nature of sequence adaptation to a new DNA metabolism environment.
The third transferred gene identified by Kroll et al. [1] is both interesting and challenging. This gene, probably a bioF homologue, appears to contain both Haemophilus and Neisseria uptake signal sequences. One of the uptake signal sequences, however, is located within the coding sequence, which is untypical, and the gene seems to be appropriately located within an operon. It is hard to understand how this might have occurred through a recombination-mediated event.
Kroll et al. [1] suggest that the virulence of either Neisseria or Haemophilus might have been modified by intergenic exchange mediated by uptake signal sequences. They also suggest that Brazilian purpuric fever, caused by an invasive strain of H. influenzae, might be a consequence of such an exchange. The role of horizontal transfer in the evolution of pathogenic bacterial species is well established. But in the absence of additional evidence, the suggestion that this process has been important in the evolution of Brazilian purpuric fever strains, on the basis of similar disease phenotypes alone, seems premature. There is no evidence that heterologous uptake signal sequences were directly involved in the described transformation events, or that these events occur more frequently between H. influenzae and N. meningitidis than between other species. The idea that there is a special relationship between Neisseria and 
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Haemophilus that increases their capacity to interchange DNA and become more virulent is an interesting, but unproven, possibility.
